Background and aims: Wound healing requires appropriate oxygen and pH levels.
the delivery of oxygen rich blood and ultimately leading to hypoxia. 4 Although it has been shown that acute hypoxia is important in the early stages of wound healing, prolonged hypoxia impairs the healing process. 11 Sustained hypoxia diminishes the availability of intracellular ATP and, thus, reduces the synthesis, repair, and turnover of enzymes, DNA, RNA, and cell membrane components, which may result in cell death. 1 Sufficient level of oxygen is also crucial for vital cell processes including proliferation, 12 collagen synthesis, [13] [14] [15] [16] [17] and antibacterial defence. [18] [19] [20] [21] [22] Administration of oxygen, both systemically 1, 2, [4] [5] [6] [7] [8] [9] 23 and locally, [24] [25] [26] has been shown to accelerate the healing process of chronic wounds. These oxygen therapies are cost and personnel demanding; thus, oxygenated dressings have been developed to offer a more economic and easy-to-use alternative. Use of oxygenated dressings has shown encouraging results such as accelerated wound healing, lower pain score, and improved histological profiles. [27] [28] [29] [30] [31] [32] Documentation of the oxygen concentration and stability of these products is, however, limited.
Chronic wounds have been reported to have a pH ranging between 7.2 and 8.9, 33 impeding wound healing. 34, 35 It has further been shown that wounds become acidic as they progress towards healing. 36 Several studies [33] [34] [35] [36] have concluded that an acidic environment at the wound bed supports the healing process. Lowering the pH of wounds has been shown to increase the available pO 2 in the wound bed, due to increased release of oxygen from haemoglobin. 35 Acidification has also been proven to promote angiogenesis and increase macrophage and fibroblast activity. 34 Hydrogels are dressings formed by a network of polymers filled with liquid that can maintain a moist wound environment and protect wounds from secondary infection. 37 The block copolymer poloxamers are important in the development of temperature sensitive in situ forming hydrogels. Poloxamers offer advantageous properties for dermal drug delivery, facilitating application and allowing the formulation to act as a depot and, thereby, promoting delivery of active substances for an extended period after application. 38, 39 Hydrogels can be applied and removed with minimal pain or trauma to the wound bed and the patient. 37 In this study, poloxamer 407 was used to formulate Oxy Dressing, an oxygenated in situ gelling application with pH 5.5. The developed dressing was characterized for physical and chemical properties, and in vitro effects of elevated dissolved oxygen (DO) levels on human skin cells were investigated.
| METHODS

| Production of oxygenated water, Oxy Water
Water with elevated levels of DO was produced as described in patent WO 2016/071691 (Oxy Solutions, Oslo, Norway). In brief, reverse osmosis water and oxygen was fed into the mixing chamber of the oxygenation device. Water and oxygen were mixed in a chamber and subsequently passed through a piping system including a venturi. The system ran continuously at 2.9 BAR and was fed with 98% O 2 . At the outlet, oxygenated water containing up to 100 mg/L DO was collected, tapped on glass bottles, and stored at room temperature until use.
| Winkler titration for determination of DO concentrations
All reagents were supplied from Sigma-Aldrich (St. Louis, MO, USA). 
| Stability testing of pH
The Oxy Dressing formulated in 20 mM acetate buffer was stored in capped glass vials at room temperature (23°C) and at 5°C for up to 3 months; pH was assessed at 0 and 3 months. 
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| Shelf life testing
For shelf life testing, the Oxy Dressing was gently filled in capped glass vials (Agilent HS, crimp, RB 20 mL with Hdspc Al crmp cap, PTFE/SI, 5301 Stevens Creek Blvd Santa Clara, CA, USA) with minimum head spacing, and stored at 20°C or at 4°C for up to 7 weeks. The DO concentration was measured weekly by Winkler titration.
| Cell cultures
All reagents were from Sigma Aldrich (St. Louis, MO, USA). Human skin fibroblasts (HSF) (ATCC, Manassas, VA, USA, catalogue number CRL-7449) were grown in complete cell medium (DMEM, catalogue number D6429) with 10% fetal bovine serum (FBS, catalogue number F7524) and 1% penicillin/streptomycin (catalogue number P4333). At confluence, cells were detached using 5% trypsin in 1 mM ethylene diamine tetra acetic acid (catalogue number T3924) and reseeded according to the experimental plans. Cells were cultured at 37°С in an incubator with humidified atmosphere and 5% СО 2 . Cell authentication was performed by PCR-single-locus-technology at Eurofins Genomics (Ebersberg, Germany).
| Preparation of oxygenated cell medium
Oxygenated medium was prepared using powder DMEM (Sigma 
| ROS production
HSFs were seeded at a density of 2. 
| Proliferation and cell viability
HSFs were seeded at a density of 5 × 
| RESULTS
The new technology enabled preparation of Oxy Water that contained a DO concentration significantly higher than control water 
| DISCUSSION
Wound oxygenation and pH modification are closely tied to successful wound healing. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [33] [34] [35] [36] Due to the importance of oxygen and pH in wound healing, the main objective of the current project was to 
| Topical wound healing dressing
The new oxygenation technology offers a new possibility of formulating a wound healing dressing that can topically introduce elevated, controlled, and stable levels of DO to the wound bed. Currently available oxygen dressings primarily contain oxygen in the form of oxygen gas or release oxygen via chemical or biochemical reactions. 10, 30 For it to be available for the cells in the wounded tissue, the gas first needs to be dissolved in the surrounding liquid. For this reason, topical applied DO has been reported to penetrate skin more efficient than gaseous oxygen. 29 Roe et al demonstrated in 2010 that topically applied DO penetrates through at least 700 μm of human skin. 29 It had previously been shown that atmospheric oxygen gas supplies the outer 250 to 400 μm of human skin in vivo. 40 By combining the oxygenated water with the thermo sensitive poloxamer 407, forming the Oxy Dressing, oxygen may be supplied more efficiently to the wound site compared with formulations administrating oxygen gas. 29 Poloxamer 407 alone has, in addition, been shown to display wound healing properties, by significantly increasing wound closure, vascular density, collagen formation, and leukocyte infiltration, in an experimental model. 41 Thus, the possible wound healing effects of the poloxamer may add to the advantages of increased DO concentration. Importantly, the concept of an in situ gelling formulation is advantageous in order to be able to administer the formulation to a wounded skin area without causing pain during application. Stability and shelf life studies show that the in situ gelling dressing can supply significantly elevated DO concentration for more than 30 hours when covered, and the high DO concentration is maintained also when stored.
Formulating the Oxy Dressing by using buffer may enable pH control at the wound site over time. While normal skin has a pH of approximately 5.5, chronic wounds have been shown to have a pH range between 7.2 and 8.9. 33, 42 An acidic environment at the wound bed has been shown to suppress wound infection, increase antimicrobial activity, and enhance re-epithelization and angiogenesis. 33 A shift towards a more acidic milieu will also lead to an increased release of oxygen from hemoglobin. 33 Thus, in light of the importance of pH to wound healing, lowering the pH can itself be favourable for the healing process, 43 and represent an additional advantage to the wound-healing properties of the Oxy Dressing.
Wound healing involves a dynamic series of events, and the different steps of healing require different oxygen concentrations and pH. 42, 44 The technology presented in this study enables production of a dressing with various DO concentrations and pH values; thus, the formulation can be customized for different steps of wound healing and to each patient's needs.
| In vitro effect of elevated DO levels
The effects of oxygen on wound healing are well established. 1, 5, 8, [45] [46] [47] [48] [49] [50] Knowledge about the basic mechanisms, however, is still limited and requires further evaluation. Therefore, in vitro studies aiming to elucidate effects of DO on human skin cells were performed in this study. Traditionally, ROS have been viewed as damaging to cells, with a negative influence on wound healing. 53 Research has shown, however, that ROS can also serve as cellular messengers to support healing processes. [53] [54] [55] In the current project, no significant change in ROS kinetics was found in HSFs stimulated with elevated levels of DO up to 4 hours when compared with control ( Figure 3B ). When replicating the protocol used in the intracellular ATP experiment and stimulating the cells every hour up to 4 hours, the results showed a slight increase in ROS production in the elevated DO group when compared with control, but the change was not significant ( Figure 3C ). One may speculate if this minor increase in ROS can lead to the observed increased intracellular ATP levels.
Changes in the accessibility of oxygen, both hypoxia and hyperoxia, have been shown to influence cell proliferation. While hypoxia (< 1% O 2 in the cell incubator) decreases cell proliferation in vitro, 56, 57 increased oxygen availability has been reported to either increase or decrease cell proliferation, depending on the oxygen concentration, length of exposure, and number of treatments. [58] [59] [60] Prolonged exposure to elevated levels of oxygen is known to be toxic. 61, 62 In the current project, no significant change in cell proliferation or viability after treating HFSs with DO concentrations of up to 50 mg/L for 4 days was observed. These results indicate that treatment with DO concentrations up to 50 mg/L does not induce changes in cell proliferation or cell death.
| CONCLUSION
The developed in situ gelling topical dressing has elevated and stable levels of DO and a pH of 5.5, both after application at the temperature of skin and during storage. Elevated accessibility of DO increased intracellular ATP levels without affecting the production of ROS, cell proliferation, or cell viability in vitro. The developed dressing is a new wound healing application that may facilitate healing by increasing DO delivery, modulating and controlling pH levels, and increasing energy availability. The technology enables production of dressings with various DO concentrations and pH, thus, the wound treatment can be optimized for each patient's needs. Further studies are, however, needed in order to elucidate the effect of the dressing on wound healing both in vitro and in vivo. 
